This work seeks to address the effect of simoultaneous use of three flame retardants, having three different modes of action, (magnesium hydroxide, expanded and expandable graphite) on the thermal degradation and flame retardancy of poly(ethylene-co-vinyl acetate). Thermal conductivity of samples was meseaured in order to investigate the effect of the use of expanded and expandable graphite on the time-to-ignition and the peak of heat release rate in cone calorimeter test. Thermal shielding performances of chars were studied as well. It was found that there is an optimum ratio between expanded and expandable graphite in order to control thermal conductivity and therefore fire properties. Some correlations were also found between the char thickness and the first peak of heat release rate.
Introduction
Poly(ethylene-co-vinyl acetate) (EVA) copolymer has been widely used in a variety of areas such as cable and wire insulation, adhesive, solar energy, construction, and packaging industries [1, 2] .
However, EVA is known as a highly flammable polymer. The fire behavior of EVA has been extensively studied over recent years. In this regard, the effect of different "additive flame retardant" systems on the flame retardancy of EVA has been investigated [3] [4] [5] [6] [7] [8] [9] [10] [11] . Among flame retardants incorporated into EVA, metallic hydroxides, magnesium hydroxide (MDH) and alumina trihydrate (ATH) have been comprehensively studied in view of their exceptional efficiencies. The mechanism of action of MDH is similar to that of ATH consisting of an endothermic reaction, through release of water followed by formation of a protective mineral layer (MgO and Al2O3) on the surface of polymer during the course of combustion. Fire properties of EVA were significantly governed by the individual and/or simultaneous use of MDH and ATH.
The combination of MDH or ATH with different flame retardants has also been examined to attain synergistic effects on fire properties of EVA. This strategy allows decreasing the incorporation level of flame retardant in EVA, and thus improving mechanical properties. Almost all additives have been considered, most often to improve the cohesion of the mineral barrier formed by the accumulation of alumina or magnesium oxide on the top surface of the composite during combustion. The cohesion of the formed residue during combustion, which is of crucial importance in cable and wire insulation applications, as well as its thickness more or less determine the flame retardancy properties [12] [13] [14] .
For example in cable industry, the NFC 32070 CR1 standard test imposes that cables sustain electrical power where jackets must protect the copper [15, 16] . Generally, synergist is used at 1-5 wt.%, but in some cases higher contents (> 10 wt.%) are used. Zinc, calcium or melamine borate [17] [18] [19] [20] [21] [22] ,
Sample preparation
EVA and flame retardants were mixed in a batch melt mixer (Brabender W50 EHT) at 150 o C and a rotor speed of 80 rpm. First, EVA was fed into the mixing chamber and after melting, MDH, expanded and expandable graphite were added to the mixer, respectively. The total mixing time for all samples was fixed at 10 min. Neat EVA was prepared under the same condition, for comparison. The samples nomenclature and composition are given in Table 1 . After the melt mixing completed, the samples were compression-molded at 180 o C under 10 MPa for 10 min in a square 100 mm×100 mm×4 mm mold. 
Instrumentation
Morphology of composites was observed by a scanning electron microscope (FEI Quanta 200 SEM).
All micrographs were obtained under high vacuum at a voltage of 10 kV with a spot size of 4 and a working distance of 8-10 mm. Small bars of EVA composites were cryofractured in the liquid nitrogen into two pieces. Prior to microscopic measurements, the cryofractured surfaces were sputter coated with carbon to make them conductive. Release (THR), Total smoke production (TSP), and Time-To-Ignition (TTI) were recorded from this test. The appearance of the residual chars after the cone calorimeter tests was observed by a digital camera to assess the intumescence and char integrity.
Thermal diffusivity α (m 2 .s -1 ) was measured using a Laser Flash apparatus (XFA600 from Linseis).
The specimens were stamped from compression-molded 100×100×4 mm 3 sheets, thinned to a thickness of 2 mm and coated with graphite on both surfaces. Measurements were carried out at room temperature in vacuum.
Thermal diffusivity, α is closely related to thermal conductivity, known as the equation 1:
Thermal conductivity was calculated using typical values of density ρ and specific heat c. These values can be found in the literature for EVA and fillers. These values are shown in Table 2 . Even if thermal conductivity changes during burning, the measurement of its initial value is useful to understand the changes in time-to-ignition. 
Results and discussion

Morphology observations
The dispersion states of flame retardants in EVA were monitored by SEM. Figure 2 shows the TGA curves of MDH, expanded graphite and expandable graphite. The dehydration decomposition of MDH was in the range of 330-460 _C, and the residual mass was 68%.
Thermogravimetric analysis (TGA)
Expanded graphite was thermally stable until 800 °C. Expandable graphite loses about 10% of its weight since 190 °C due to release of volatile gases from the intercalant at this temperature [53, 54] . Figure 33 and Figure 4 present the TGA curves of EVA and EVA-based composites. The obtained parameters from these curves are presented in Table 3 . EVA and all composites showed a two-step weight loss. In the first decomposition step, from 300 to 380 °C, EVA loses acetic acid and carboncarbon double bonds are formed along the polymer backbone [55, 56] The dehydration reaction of MDH was simultaneously performed in this range. The second degradation step, from 430 to 500 °C, is attributed to the chain scission of the polymer and the volatilization of the residue [8, 57] . The thermal stability of composites was superior to that of pure EVA. The onset temperature of degradation (first step) increased from 303 °C for EVA to 322 °C for EM-50 and to about 316 °C for other composites. However, the mixtures of MDH and expanded graphite or expandable graphite were less effective than pure MDH in improving the thermal stability of composites. In the composites including expandable graphite, it was expected that the expansion of this filler during heating forms a protective layer against the heat which improved thermal stability. Nevertheless, it seems that this mechanism is not effective for the very small samples such as the ones used in TGA test. Table 3 : TGA parameters for all samples, collected from TGA curves, under nitrogen (T10% is temperature at 10% weight loss, Tmax is the maximum rate degradation temperature, from DTG.)
Cone calorimeter
The heat release rate (HRR) curves as a function of time are presented in Figure 5 (samples containing MDH and EDG) and Figure 6 (samples containing MDH, EDG, and EG). The obtained parameters from these curves (TTI, pHRR, TSP, THR) are summarized in . It could therefore be concluded that there is an optimal combination rate between EDG and MDH. The substitution of 5 wt.% of EDG with EG led to the decrease in pHRR and re-appearance of a second peak at 413 s, Figure 6 . Afterwards, by adding EG, the pHRR decreased and the shape of curves was changed. However, TTI decreased by increasing the loading rate of EG. The comparaison of HRR curves of EM-30 and EME-0 samples, Figure 77 , shows that the combination of MDH and EG is more efficient than that of MDH and EDG, in terms of flame retardancy. The decrease in pHRR for EME-0 was 90.4%, compared to pure EVA. However, the TTI was much higher in the case of EM-30 sample (combination of MDH and EDG). Total smoke production (TSP) was also determined with cone calorimeter test. All TSP curves were shown in Figure 8 . The total smoke production of EME-0 and EME-5 sample was significantly reduced (black arrow). For the second group of samples, the TSP tended to reach a steady state after 550 s (red arrow). For the third group of samples (purple arrow), TSP increased steadily. It may be concluded that char barrier was more efficient in the case of the first two groups, and that the acceleration of TSP for the third group (purple arrow) was due to the non-effectiveness barrier character of their residues. The images of residues after cone calorimeter test are presented in Figure9. Three forms of residue were observed after test. In the case of EM-50 sample, a brittle and thin residue was formed. For the samples containing both MDH and EDG, the char surfaces were smooth. However, the inside of char was porous, with large holes. The residues of samples containing EG were compact, dense, with a "worm-like"roughened surface, and without internal porosity. Char thickness values, Table 4 , was increased by increasing the rate of EDG or EG, except for EME-15 samples. The addition of EG at 15 to 20 wt.% allowed to considerably promote the formation of an expanded char residue, which prevented the heat and gas transfer between the flame zone and the burning substrate, and thus limited the heat release. EM-35, e) EM-30, f) EME-15, g) EME-10, h) EME-5, and f) EME-0. The three fillers contribute to the barrier effect by accumulating at the top surface of the sample.
Moreover, intumescence is promoted especially by expandable graphite. It is always challenging to correlate fire performances including pHRR occurring just after ignition to final residue morphology.
However if the barrier layer develops early during the test, such correlations make sense. Figure 31 shows the change in first pHRR versus char thickness. E100 was not considered because the amount of fuels is different from other samples and no char is formed. First pHRR seems to decrease continuously when thickness of the char at the end of the test increases. For EM samples containing 10, 15 and 20 wt% of EDG, the char thickness is almost the same but the pHRR increases when the
conductivity which promotes the heat transfer to bulk leading to higher heat release rate. 
Study of heat transfer in composites
Time-to-ignition in cone calorimeter test, changes from 65 to 130 s according to the composite, Table   4 . The three fillers used in this study have different impacts on TTI. Ignition occurs when the surface temperature reaches a critical value. A couple of phenomena influence the heating of the material during the pre-ignition period. The significant increase in TTI when 50 wt.% of MDH are added to EVA can be assigned to the dilution of fuels in gas phase through the endothermic release of water by MDH decomposition. MDH releases 31 wt.% of water and the enthalpy of decomposition is 1450 J.g -1 [60] . The water release occurs in the same temperature range as the first step of decomposition of EVA (release of acetic acid). Nevertheless, the partial substitution of MDH with EDG delays ignition despite the fact that EDG does not release water. The incorporation of EDG allows a linear increase in thermal conductivity as shown in Figure 53 . It is well known that a high thermal conductivity promotes a fast heat transfer from the surface to the bulk, limiting the heating rate of the surface [433, 61] . Therefore the increase in thermal conductivity allows delaying ignition ( Figure 13 ). TTI increases from 110 to 130 s when 15 wt.% of EDG are added. TTI decreases slightly with a further increase in EDG, probably because the increase in thermal diffusivity does not balance the decrease in the endothermic release of water. High thermal conductivity can delay ignition but promotes a fast heating rate of the bulk leading to an increase in HRR during cone calorimeter test [433] . Nevertheless, the formation of a protective layer during cone calorimeter test also has a strong influence on heat release rate and can avoid a fast decomposition despite a high heat transfer from the surface to the bulk. Residues from cone calorimeter tests were cooled and submitted to heat flux of 50 kW.m -². A thermocouple was used to measure the temperature of the lower surface during the heating (Scheme 2 and Figure 86 ). The temperature increases very slowly for EME-0 residue, evidencing the insulating effect of the expanded residue containing 20 wt.% of EG. EME-5 and EME-10 also provide an expanded residue but the temperature increases much faster. After 400 s, the temperature reaches 130 and 160 °C respectively for these two residues, versus only 60 °C for EME-0 residue. The insulating character of the residue may be partially disrupted due to an increase in the thermal conductivity provided by EDG filler. The temperature increases similarly for all EM composites and reaches 140-170 °C after 400 s (as EME-10). It can be observed that the best insulating residues (i.e. EME-0 and EME-5) correspond to the lowest pHRR measured in cone calorimeter test. Magnesium hydroxide, expandable and expanded graphites contribute to improve the flame retardancy of EVA through various modes-of-action. Magnesium hydroxide delays ignition through endothermic release of water diluting fuels in gaseous phase and formation of a mineral layer (magnesium oxide).
Nevertheless, this layer is very thin and not effective as insulating barrier. Expandable graphite promotes the formation of an intumescent layer, significantly reducing the peak of heat release rate, the total heat release and the smoke production. However, ignition occurs earlier in the presence of a moderate content of expandable graphite. Finally, expanded graphite contributes to delay ignition thanks to its high thermal conductivity. It also improves char thickness when combining with magnesium hydroxide, even if it is less effective than expandable graphite from this point of view. The formation of a char layer together with magnesium hydroxide and/or expandable graphite further avoids the fact that the fast heating of the sample bulk leads to a fast degradation rate (and therefore a high heat release rate) during the second part of the test. The analysis of cone calorimeter results
shows that char thickness is highly correlated to heat release, including just after ignition. Indeed, the correlations found between the thickness of the residue and the first peak of heat release rate were quite consistent. From a performance point of view, the combination of these three fillers can be considered as synergistic, i.e. an optimum composition (ratio between expanded and expandable graphite), can be found to reach the best flame retardancy performances. This does not mean that there is synergy from a mechanistic point of view. The best combination may be close to 30 wt.% of Magnesium hydroxide, 10 wt.% of expanded grapite and 10 wt.% of expandable graphite for a total filler content of 50 wt.%. Nevertheless, this optimum composition may depend on the considered fire test. Finally, it can be assumed that the competitiveness between expanded and expandable graphites to decrease of heat release rate and/or increase of time-to-ignition can be monitored using an optimum composition.
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